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Stabilization of Gravelly and Stony Soils With
Lime, Fly Ash and Sodium Carbonate
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Abstract. Although the use of lime, fly ash and sodium carbonate in the stabilization of fine grained soils has been extensively investigated, there has been relatively little work
done in connection with coarse-grained Iowa soils. The main
purpose of this investigation was, therefore, to study the effect
of the addition of lime and fly ash upon two coarse-grained
soils and a coarse-grained artificial mixture of soil and crushed stone. The effects resulting from using two different types
of lime and a trace chemical activator, sodium carbonate,
are also evaluated.
It was · found that gravelly and stony soils can be satisfactorily stabilized with lime and fly ash. For a particular
soil, mixtures containing dolomitic lime gave higher densities and greater strengths than those containing calcitic
lime. The addition of 0.5 percent sodium carbonate greatly
increases the early strength of mixtures. Mixtures of lime, fly
ash and soil-gravel tended to produce higher unconfined
compressive strengths than those of lime, fly ash and soillimestone of the same gradation. It is suggested that a certain amount of lime is needed to satisfy the fixation requirements of the soil before becoming readily available for reaction with the fly ash.
INTRODUCTION

The highway planners are faced with the never-ending problem of providing the people of Iowa with good roads at a reasonable cost. Their problems are becoming more difficult on
account of a diminishing supply of the easily available good
local materials necessary for the construction of all-weather
roads. Many hundreds of miles of Iowa roads have already been
improved by grading and drainage and have been provided with
mechanically stabilized surfaces of local materials. However,
in many cases, these roads are no longer able to withstand the
attacks of the elements and the heavy volumes of new traffic
that they are now required to carry.
Many investigative efforts have been and are being tmdertaken at the Iowa Engineering Experiment Station in order to
discover economical additives that will stabilize the in-place soil.
One of the more promising of these is lime-fly ash. The addition
of lime and fly ash has shown itself to be successful with finegrained soils ( 1, 2, 3).
1 Assistant Professor of Engineering Graphics
and Professor of Civil Enginecrfog,
respectively., Iowa Engineering Experiment Station, Iowa State University, Ames, Iowa.
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PURPOSE OF THE INVESTIGATION

The main purpose of this investigation was to study the effect
of the addition of lime and fly ash upon two coarse grained
soils and a coarse grained artificial mixture of soil and crushed
stone. These materials are typical of many used in mechanically
stabilized roads. The effects resulting from using different types
of lime and a trace chemical activator, sodium carbonate , are
also evaluated.
MATERIALS AND PROCEDURES

Soils
Three soils were used in this investigation. Their properties
are given in Table 1.
Soil-gravel road mix. This soil was taken from the surface of a
secondary road that had been mechanically stabilized with local
materials. This road is located in the north central portion of
Hamilton County, Iowa. It was chosen as it represents a typical
mechanically stabilized wearing surface on an improved secondary road. Samples were obtained by removing the material
from trenches about 2 feet wide and 4 inches deep excavated
across the complete width of the road. Samples were taken at
several different locations within a distance of one mile and,
afterwards, combined into one homogenous mixture.
Soil-limestone. In parts of Iowa where crushed stone is more
easily obtained than gravel, mechanical stabilization of the soil
with crushed stone is more economical. For this study, such a
mixture was prepared by replacing the plus No. 4 sieve fraction
of the soil-gravel road mix with crushed limestone of the sam~
gradation and weight.
Pit-run gravel. In many parts of Iowa, a poorly-graded gravel
that is commonly known as a "pit-nm" gravel is readily available. If this natural material could be stabilized without the addition of another soil to improve its gradation, much use could
be made of it in highway work. For this study, a typical sample
was taken from a gravel pit just north of Ames, Iowa.
Limes. Two types of limes, both products of the U. S. Gypsum
Company, were used in this investigation. One is "Kemidol"
hydrate and is a dolomitic monohydrate lime produced at Genoa,
Ohio. The other type is a "Kemikal" hydrate and is a hydrated
high-calcium lime produced at New Braunfels, Texas. Typical
chemical analyses of the limes are given in Table 2.
Fly ash. Fly ashes are known to differ with respect to their
physical and pozzolanic properties (4, 5). Commonly used criteria for judging the quality of a fly-ash are the loss on ignitionwhich is approximately equal to the carbon content-and the
fineness of the fly ash as measured by the amount passing the
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Table 1. Properties of soil samples
SoilSoilPit-run
gravel
limeSample
gravel
stone
Textural Composition: (% by weight)•
49.3
Gravel (greater than 2 mm.)
32.6
27.0
43.2
Sand (2-0.074 mm.)
47.0
51.8
3.2
Silt (74-5 microns)
10.4
10.4
4.3
Clay (less than 5 microns)
10.0
10.8
Predominant clay mineral•
Montmor- Montmor- Montmorillonite
illonite
illonite
Chemical properties:
Cat. ex. cap. m.e./100 gm.<
5.98
6.18
5.75
Carbonates, %c
19.03
34.10
30.15
Organic matter, %c
0.32
0.33
0.13
pH
8.38
7.34
8.65
Physical properties:
Liquid limit, %d
25.4
N.P.
23.3
Plastic limit, %d
18.0
N.P.
19.7
Plasticity indexd
5.3
N.P.
5.7
Classification:
Textural
Gravelly
Stony
Gravelly
sandy
sandy
sand
loam
loam
Engineering (A.A.S.H.O.)
A-1-b
A-1-b
A-2-4
• Dispersed by air-jet using sodium metaphosphate dispersing agent.
• From X-ray analysis.
c Per cent by weight of oven-dry soil.
d Fraction passing No. 40 sieve.

Material

Table 2. Properties of limes
U.S. Gypsum Co.
monohydrate
dolomitic lime,
"Kernidol"

Chemical analysis, %
Magnesium oxide
Manganese
Available calcium
hydroxide
Iron and aluminum
oxide
Silicone dioxide
Sulphur trioxide
Loss on ignition
Calcium oxide
Carbon dioxide

37.0-41.5

U.S. Gypsum Co.
hydrated calcitic lime,
"Kemical"
0.42
0.0019
93-94
0.24

0.35-1.1
0.95-2.6
56.0-60.0
5.0-maximum

0.84
0.007
24.2
74.3

number 325 sieve. Using these criteria, the fly ash used in this
study would be considered to be of fairly good quality. It was
provided by the Detroit Edison Company of Detroit, Michigan
and was used as it is considered to be within the economical
"travelling-distance" for use in Iowa.
The composition of this fly ash is shown in Table 3.
Trace Chemical
Although many chemicals are known to act as accelerators for
pozzolanic reactions, sodium carbonate is believed to be one of
the better and more economical ( 6, 7). Sodium carbonate reagent grade, was used in this investigation.
Published by UNI ScholarWorks, 1963
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Table 3. Properties of fly ash
Material
Chemical component, %
Silicon dioxide
Aluminum oxide
Ferric oxide
Magnesium oxide
Sulphur trioxide
Calcium oxide
Loss on ignition
Available alkalies as sodium oxide
Physical properties:
Specific gravity
Specific surface
sq cm/gm-Blaine meter
Retained on No. 325 sieve, %

Detroit Edison Co.
St. Clair fly ash

41.9
22.5
25.8
1.0
0.8
2.7
3.6
0.3
2.61

2720.0
11.3

MIXTURE PROPORTIONS
The percentages of lime and fly ash are expressed as percentages of the total dr yweight of the soil, lime, and fly ash in
a given mixture. Where sodium carbonate is used, the amount
is also expressed as a percentage of the total amount of soil, lime,
and fly ash. In this study, the amount of sodium carbonate activator was kept at a constant 0.5 percent.
MIXING AND MOLDING
All soils were air dried, pulverized and passed through a 94
inch screen before any mixing took place. The combinations of
soil, lime, fly ash, and sodium carbonate were first dry mixed
by hand in batches sufficiently large to make the required
number of 4 in. diameter by 4.59 in. high specimens. After s11fficient distilled water had been added to each batch to bring it
to its optimum moisture content for maximum standard Proctor
density, the batch was again thoroughly remxed. As soon as
possible after completion of this remixing, specimens were molded according to ASTM Designation D-698-58 ( 8).
CURING AND TESTING OF SPECIMENS
Specimens were cured for 7, 28 or 120 days in a curing room
that was maintained at a temperature of 70 ± 5°F and a relative
humidity of greater than 90 percent. To better maintain foe
moisture in the specimens and to reduce absorption of carbon
dioxide from the air, they were wrapped in wax paper and sealed
with cellophane tape before being placed in the curing room.
At the end of a specified curing period, the specimens were
unwrapped, immersed in distilled water for 24 + 3 hours before
being tested. In most cases, strength was determined by the unconfirmed compressive strength test using a load application rate
of 0.20 inches per minute.
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DrscussroN OF TEST RESULTS
Dry Density Studies
With the soil-gravel and soil-limestone mixes, the dry densities consistently decreased as the amount of lime-fly ash additive
was increased. This can be explained. Both of these soils are
well graded and therefore the addition of lime and fly a>h
caused an increase in the fines content. This excess fine material
displaced some of the more dense soil material and so tlrn net
result was a decrease in dry density.
Densities obtained with the pit-run gravel mixes were consistenly greater than those obtained with the other mixtures.
However, unlike the other two soils, dry densities increase:i
with the addition of lime and fly ash until a total additive content of 11 to 15 percent was reached. At this stage, the voids in
the poorly graded pit-run gravel became filled and so the addition of more additive resulted in a displacement of the more
dense gravel particles, thus causing a decrease in dry density.
Generally, it might be expected that as densities of mixtures
increase or decrease, then strengths should also correspondingly
increase or decrease. Examination of the strength data in this
study showed no indication of any direct relationship between
the dry densities and the obtained strengths. It should, however,
be kept in mind that strength values indicated by the unconfined
compressive strength test are mainly reflections of the effectiveness of the cementation taking place within the soil-lime-fly ash
mixtures. This test emphasizes the gain in strngth through increased cohesion, but gives little indication of the added strength
due to the large internal friction values associated with coarsegrained soils.
As mentioned already, specimens were compacted at their
optimum moisture content for maximum standard Proctor density. Optimum moisture contents were determined only for mixtures containing the calcitic lime and these values were then
assumed to be the same for similar mixtures using dolomitic lime
or calcitic lime and sodium carbonate. Upon compaction at these
moisture contents, the specimens containing dolomitic lime were
found to give higher densities than their counterparts containing calcitic lime. Also specimens containing calcitic lime and
sodium carbonate tended to given higher densities than those
without the activator. \iVhile the reason for these differences i;
not exactly known, it may be hypothesized that they are p1rtially due to variations in the amount and rate of flocculation
of the clay particles. The amount and the rate at which flocculation takes place is dependent upon the availability of calcium
ions. This, in turn, is a function of the type of lime and whether
or not sodium carbonate is used in conjunction with the lime.
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Another contributing factor is that calcitic lime has a lower
specific gravity than dolomitic lime.
UNCONFINED COMPRESSIVE SnmNGTH RESULTS

Pit-run Gravel
Mixtures were prepared and tested which contained varying
<lmounts of soil, dolomitic lime, fly ash and sodium carbonate.
Those specimens containing the sodium carbonate activator
were cured for 7 and 28 days and those without were tested
after 7, 28 and 120 days. The unconfined compressive strength
results are shown graphically in Fig. 1.
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Figure 1. Straight-line graphs for vaxious mixtures of pit-run gravel, dolomitic lime and
fly ash after different curing periods

Effect of dolomitic lime and sodium carbonate. When lime is
added to a soil three reactions are believed to take place.
l. The fine particles in the soil begin to flocculate.
This is believed to be clue to a replacement of
the calcium ions for the cations naturally absorbed on the particles and to a crowding of ad-
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ditional cations onto the particles. The lime content at which this reaction is completed is called
the "fixation point" (9). For most Iowa soils the
lime :fixation point is between 1 and 4 percent (10).
2. A small amount of lime may enter into a reaction with the carbon dioxide in the air and/ or
water to form calcium and magnesium carbonates which are weak cements.
3. The remaining lime enters into a pozzolanic reaction with silicious materials within the soil.
Although the clay content of this soil is apparently very low,
nevertheless, the above three reactions are clearly illustrated.
vVhen 2 percent lime alone is added to the soil, strengths are
zero at 7 and 28 days. At 120 days, a strength of 3 psi is obtained. These results would seem to indicate that most of this
2 percent lime is being used for flocculation-fixation purposes.
Some, perhaps, is being used to form CaC0 3 • When 4 percent
lime is added, the respective strength values are 15, 33 and 55
psi. This points out that when the flocculation-fixation requirement has been satisfied, the excess lime may be entering into a
pozzolanic reaction with the soil itself. This is done over a
period of time as reflected by increasing strength values witl1
time. This theory is sustained by the data obtained with 6 percent lime.
The effect of the addition of sodium carbonate to these limesoil mixtures is also interesting. With 2 percent lime strengths
of 51 and 64 psi are obtained after 7 and 28 days respectively.
This indicates that tl1e sodium carbonate is reacting with the
lime and causing it to enter into a pozzolanic reaction before
flocculation-fixation can completely take place. Similar results
are obtained with a 4 percent lime and 0.5 percent sodium carbonate. Results obtained with 6 percent lime are not' significantly
different from those obtained with 4 percent lime indicating
that at some lime content of about 4 to 6 percent, the saturation
point for fixation and pozzolanic reactivity with the soil had been
reached for the time periods considered.
··
Effect of dolomitic lime, fly ash and sodium carbonate. The
effect of the addition of fly ash to the soil-lime mixtures is very
marked. Generally, the more fly ash that is available at a given
lime content, the greater the sh·ength. The mixtures containing
4 percent lime tend to give the greatest strengths for the time
periods considered.
The advantage of having sodium carbonate in a mixture is
most evident after 7 days. Strengths obtained from these mix-
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tures at this time are in all cases higher than the strengths of the
co:responding mixtures without sodium carbonate. Strength
?ams of from 100 to 200 percent are noted. Strengths tend to
mcrease as the fly ash content is increased. It is of interest to
see, however, that the rate of strength increase at this time is
approximately the same as for those mixes without the activator.
The strengths obtained from lime-flv ash-sodium carbonate
mixtures after 28 days present a s~mewhat different picture. The mixtures containing 2 percent lime show little increase
over 7 day sh·engths and, in addition, are less than the corresponding 28 day strengths for mixtures without sodium carbonate. This again seems to indicate that the sodium carbonate is
reacting with that lime which otherwise would be available at
a later period for pozzolanic reaction with the fly ash. This i>
borne out by the results obtained with 4 and 6 percent lime
contents.
Ratio of dolomitic lime to Hy ash. In an effort to determine
the most effective ratio of lime to fly ash, contour graphs, based
on the data shown in Fig. 1 were drawn. They are shown in
Fig. 2. It is hard to get any clear trend. The first point to be
considered here is the determination of the lime content at which
lime becomes available to react freely with the fly ash. The fixation point for this soil is probably at about rn percent lime.
Using this lime content as the origin, a ratio of about 1:8 seems
to be about best for the mixtures without sodium carbonate
and 1.:5 for the mixtures with the activator.
Freeze-thaw studies. This phase of the investigation was carried out to determine whether a certain strength was indicative
of a criterion which would meet the Portland Cement Association requirements for soil-cement. Six pit-run gravel mixes,
each giving a sh·ength approximating to 400 psi after 28 days,
were chosen for this part of the study. Two standard 4 in.
diameter by 4.59 in. high specimens were molded for each mix
and then subjected to the standard ASTM Designation D560-57
brushing test (8). The results are shown in Table 4.
The maximum allowable weight loss after 12 cycles of freezing and thawing for an A-2-4 soil is 14 percent. Although only
one mix met this criterion, it should be noted that two other
mixtures were only 3 and and 4 percent above the limit. The
most resistant mixtures were those utilizing sodium carbonate. It
should be kept in mind that the ASTM test, in this case, may not
give a truly representative criterion for the strength of each
mixture. Again, like the unconfined compressive strength test,
little attention is paid to the strength due to internal friction. In
fact, the weight lost by each specimen in the course of the test
was mainly due to large particles being "plucked" out, especially
https://scholarworks.uni.edu/pias/vol70/iss1/58
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Table 4. Weight loss resulting from the standard freeze-thaw brushing test on various mixtures of soil-lime-fly ash after a 28 day
cure.
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from the specimen ends. At the conclusion of the 12 cycles, the .
diameter at either end of a specimen varied from ~ to % of its
original diameter whereas the central diameter did not vary
appreciably from the original diameter. In fact, with the sodium
carbonate mixtures, there was little softening of the outer skin
of the middle third of each specimen. Keeping this in mind, it
is very probable that these mixtures of pit-run gravel, dolomitic
lime, Ry ash and sodium carbonate, having strengths of approximately 400 psi, are capable of withstanding the severest weather
conditions experienced in Iowa.
Soil-Gravel
Results with dolomitic lime. Mixtures of this soil, dolomitic
lime and fly ash were prepared and tested after 28 and 120 days.
The results are shown graphically in Fig. 3. The results shown
here are very similar to those obtained with the pit-run gravel
mixtures. Strengths tend to increase as fly ash content increases.
Four percent again seems to be about the optimum lime content
for the curing periods considered.
If rn percent is again taken as being the lime content at which
lime is readily available to react with the fly ash, the best lime
to fly ash ratio appears to be about 1:6 for 28 days strengths and
1 :8 for 120 day strengths.

Results wtih calcitic lime. Mixtures of soil-gravel, calcitic lime,
:fly ash and \vith/without sodium carbonate were prepared. The
results, shown in Fig. 4, are very different from those obtained
with dolomitic lime.
·
For the mxitures without sodium carbonate, it appears that the
amount of calcitic lime is the main factor causing long term increases in strength. After 7 and 28 days, however, there is little
significant difference between the results obtained for the varying amounts of lime. If these mixtures are compared to their
counterparts utilizing dolomitic lime, it is seen that after 28
days, dolomitic mixtures give higher strengths except for the
mixes containing 6 percent calcitic lime and zero and 5 percent
Ry ash. That dolomitic lime tends to give higher strengths is not
unexpected and tends to lend credence to the theory that the
magnesium oxide in the dolomitic lime acts as a natural accelerator or catalyst for the lime ancl fly ash reaction.
The addition of sodium carbonate has a tremendous effect
upon the calcitic lime-fly ash-soil mixtures. This is most noticeable after 28 days, although the 7 day results reflect similar
n·ends. Strengths increase· as both the lime and fly ash content
increases. The activator is therefore serving, to the fullest extent, its function of increasing the reactivity of the fly ash particles. Since the calcitic lime used in this study has about 94 perPublished by UNI ScholarWorks, 1963
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fly ash after different curing periods.

https://scholarworks.uni.edu/pias/vol70/iss1/58

12

O'Flaherty and Davidson: Stabilization of Gravelly and Stony Soils With Lime, Fly Ash and

I~

!5<>17

11~0

DAY

%

~

IOOr-

50~
~
J::1·:~: 1_ _ __i___J
0

[Vol. 70

IOWA ACADEMY
SCIENCE
OF

346

__

!!I

10

115

20

2!5

~
0

2

4

"'~,.
"

6

100

so.t=-,....-_::::0--0
0

10

15

20

25

0

10

1!5

20

215

0

-------->OO
DAY

••o

~=~L
I:
o
O

j___L
&

10

115

20

Z5

0

% FLY ASH

2

4

1. LIME

0

LEGEND

to

IS

20

% FLY ASH

215

0

•-2%LIME

>C-O%F.A.

•-4%LIME
.&.-6%LIME

o-15"1C.F.A .
+-10 °"F.A.
a-115 "IC.F.A.
o-zc) % F.A.
A-215 'IC. F.A.

2
% LIME

Figure 4. Straight-line graphs for various mixtures of soil-gravel, calcitic lime and fly

ash after different curing periods.

cent of available Ca(OH) 2 as against maybe 60-65 percent for the
dolomitic lime (11), there are still plenty of calcium ions available
for reaction with the Hy ash, even though the lime is also involved in a reaction with the sodium carbonate.
Comparison of the 28 day strengths with those obtained using
dolomitic lime show that the mixtures containing dolomitic lime
give strengths that are in all cases greater than those obtained
using calcitic lime and sodium carbonate.
In an attempt to determine what ratio of calcitic lime to fly
ash is most effective, contour graphs similar to those illustrated
in Fig. 2 were drawn. For the mixtures without sodium carbonate, straight lime stabilization seems to be the most practical.
For the mixtures containing sodium carbonate, a lime to Hy ash
ratio of 1:6 is probably most suitable-if rn percent lime is again
taken as the lime content at which it becomes freely available to
react with the Hy ash.
Freeze-thaw sh1dies. As shown in Table 4, three mixtures of
soil-gravel were also tested for freeze-thaw resistance. None of
the mixtures met the weight-loss ASTM criterion. In fact the
mixhll"e containing calcitic lime and sodium carbonate exceeded
the criterion after only 8 cycles.
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Soil-limestone. Mixtures of his soil and fly ash were prepared
using both the calcitic and dolomitic limes and were tested after
both 28 days and 120 days. The results are shown graphically in
Fig. 5. \Vi th the calcitic lime mixtures, fly ash is seen to have relatively little effect, and straight lime stabilization is again to be
recommended here. \Vith the dolomitic lime mixtures, the addition of the fly ash is most effective after 120 days. At this time, a
ratio of about 1 lime to 6 fly ash appears to be best-if the origin
is again taken as being through rn percent lime. Here also, dolomitic lime appears to be more effective than calcitic lime except
for pure lime stabilization when the calcitic lime strengths are
slightly higher.
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Figure 5. Straight-line graphs for various mixtures of soil-limestone, lllne and fly ash
after different curing periods.

Comparison of Soil-Gravel with Soil-Limestone
From the physical and chemical analyses in Table 1, it is evident that there are few differences between the soil-gravel and
the soil-limestone. The main difference if that in creating the
soil-limestone, smooth ground gravel particles were exchanged
for sharp angular limestone particles.
Upon scrutiny of the results obtained with both soils, it is
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clear that the strengths obtained b) stabilizing the soil-gravel
with lime an<l fly ash tend to equal or be greater than the
strengths obtained with soil-limestone. This can be explained.
Since gravel tends to be spherical and the crushed stone is
angular, then the total surface area of the spherical particles
should he less than that of the angular ones. Hence, with the soilgravel there is less surface area to be bonded by the lime and fly
ash. Since this results in having more lime and fly ash available
per unit area of the soil-gravel, this bond shoul.d be stronger
than the bond formed between the lime,flv ash and the soil.
limestone angular particles. This bond is then reflected by the
unconfined compressive strength test results. Here again, it
should be kept in mind that this test pays little account to the
extra strength in a soil-limestone mixture due to its high coefficent of internal friction.
CONCLUSIONS

The following conclusions can now be drawn from the results
obtained in this study.
I. Gravelly and stone soils can be satisfactorily stabilized with
lime and fly ash.
2. For a particular soil, mixtures containing dolomitic lime give
higher densities than those containing calcitic lime-when they
are compacted at the same moisture content.
3. For a given curing period, dolomitic lime-fly ash mixhues
attain greater strengths than calcitic lime-fly ash mixtures.
4. The addition of 0.5 percent sodium carbonate greatly increases
the early strength of mixtures of dolomitic lime, fly ash and pitrun gravel and of calcitic lime, fly ash and soil-gravel mixtures.
However, mixtures of dolomitic lime, fly ash and soil-gravel attained higher 28 day strengths than those of calcitic lime, fly
ash, and sodium-carbonate and soil-gravel.
5. Mixtures of lime, fly ash and soil-gravel tend to produce higher
unconfined compressive strengths than those of lin1e, fly ash and
soil-limestone.
6. If rn percent lime is taken as the content at which lime begins
to freely enter into pozzolanic reaction with the fly ash, the following conclusions can be drawn regarding the best ratio of
lime to this fly ash to be used.

a) For pit-run gravel, dolomitic lime, fly ash mixtures, use
a ratio of I to 8 for those mixes without sodium carbonate and
I to f5 for those with sodium carbonate.
b) For soil-gravel, dolomitic lime, fly ash mixtures, use a
ratio of I to 6 or I to 8.
c) For soil-gravel, calcitic lime, fly ash mixtures, use only lime
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for the mixtures without sodium carbonate and a lime to fly
ash ratio of I to 6 for those with sodium carbonate.
d) For soil-limestone, calcitic lime, fly ash mixtures, use only
lime stabilization.
e) For soil-limestone, dolomitic lime, fly ash mixtures, use
a lime to fly ash ratio of I to 6.
Two factors should be emphasized here. \Vhere a lime to flv ash
ratio is given, it means that this ratio should be used aft~r Bf
percent lime has already been added to the soil. In addition,
these ratios refer only to this Hy ash sample as other fly ashes
may require different ratios.
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